ABSTRACT: Retention of bile acids within the liver is a primary factor in the pathogenesis of cholestatic liver disorders, which are more common in human infants. The objective of this study was to evaluate developmental changes in mitochondrial factors involved in bile acid-induced hepatocyte injury. Hepatic mitochondria from adult rats (aged 9 wk) underwent a mitochondrial permeability transition (MPT) and release of cytochrome c upon exposure to glycochenodeoxycholic acid. In contrast, mitochondria from young rats (age 6 -36 d) were resistant to MPT induction and cytochrome c release. Neither mitochondrial levels of MPT-associated proteins (voltage-dependent anion channel, cyclophilin D, or adenine nucleotide translocase), Bcl-2 family proteins, nor antioxidant enzymes explained this resistance. Mitochondria from young rats contained 2-to 3-fold higher ␣-tocopherol (␣-TH). In vivo ␣-TH enrichment of adult hepatic mitochondria increased their MPT resistance. Tetra-linoleoyl cardiolipin (TL-CL), the primary molecular species of CL, was reduced in mitochondria of the young rat; however, enrichment with CL and TL-CL only modestly increased their MPT susceptibility. In conclusion, we observed an unexpected resistance in young rats to bile acid induction of mitochondrial cell death pathways, which may be related to developmental differences in membrane composition. (Pediatr Res 64: [498][499][500][501][502][503][504] 2008) 
D espite recent advances in elucidating the mechanisms of liver injury in cholestatic disorders, the development of effective therapies has been hampered by a lack of potential therapeutic targets. For these reasons, cholestatic diseases are among the leading indications for liver transplantation. The human neonate is exceptionally prone to the development of cholestasis (1) . Characteristic features of neonatal cholestasis include histologic evidence of hepatocyte swelling (2) and elevated circulating hepatocellular enzymes (aspartate aminotransferase (AST) and alanine aminotransferase (ALT)), both of which suggest oncotic necrosis in the pathogenesis of cell injury. It is not well understood why the neonatal hepatocyte has this increased susceptibility to cholestatic injury, although, proposed factors include immaturity of synthesis, hepatocyte uptake, and canalicular transport of bile acids (1), reduced antioxidant defense systems (3, 4) , or other developmental factors.
The accumulation of hydrophobic bile acids in hepatocytes, such as glycochenodeoxycholic acid (GCDC), is a primary factor in the pathogenesis of cholestatic liver injury. Although the precise mechanisms contributing to bile acid-induced toxicity are unknown, several lines of evidence suggest that these compounds directly target hepatocyte mitochondria perturbing mitochondrial homeostasis, culminating in apoptotic and necrotic cell death. For example, liver mitochondria exposed to hydrophobic bile acids have reduced electron transport and impaired mitochondrial respiration (5, 6) , findings which have also been demonstrated in the bile duct-ligated model of cholestatic injury (7) . Hepatocytes exposed to bile acids demonstrate changes in mitochondrial function (induction of mitochondrial permeability transition, MPT) that trigger cell death (8) . The MPT is characterized by mitochondrial swelling and outer membrane permeabilization, followed by cytochrome c release, a pivotal event during apoptotic cell death. Furthermore, several laboratories have implicated oxidative stress as a primary factor in bile acid-induced MPT (9, 10) , which is ameliorated with antioxidants (9) . In addition to direct effects on mitochondria, bile acids can also promote necrotic or apoptotic cell death through activation and/or translocation of critical cell signaling proteins. Bile acid effects on death receptors (Fas, TRAIL) facilitate the translocation of the pro-apoptotic Bcl-2 regulatory protein Bax from cytosol to mitochondria, wherein the protein inserts itself into the outer membrane inducing the MPT and activating down-stream caspases (11) . Although bile acid-mediated toxicity acts, in part, through death receptor-mediated hepatocyte cell death (12) , this signaling pathway alone does not account for the full extent of cholestatic injury (13) .
The objective of this study was to evaluate developmental effects on the function and composition of hepatic mitochondria in relation to bile acid induction of mitochondrial pathways of cell death. Isolated hepatic mitochondria were used as the experimental model in this study in preference to cultured hepatocytes for several reasons. First, culturing primary hepatocytes from suckling rats poses experimental problems including: a) technical difficulties in isolating sufficient quantities of hepatocytes from suckling rats for use as the experimental model, and b) the developmentally regulated marked reduction in bile acid uptake by suckling rat hepatocytes (14) . Thus, inducing toxicity by incubating hepatocytes with bile acids, the standard experimental model, would not be possible because of severely impaired bile acid uptake by neonatal hepatocytes. Second, mitochondrial cell death pathways can be directly evaluated in purified mitochondria, which allow for in vitro manipulation of membrane composition that can be used to delineate the effects of membrane components. In this study, isolated mitochondria from young, suckling rats exhibited marked resistance to bile acid-induced MPT, which may be related to mitochondrial membrane composition.
MATERIALS AND METHODS

Materials.
(See Supplemental Materials online at www.pedresearch.org). Isolation of rat liver mitochondria. Rat liver mitochondria were isolated from adult and young rats by differential centrifugation (Supplemental Materials online at www.pedresearch.org). All animals received humane care in compliance with the Committee on Laboratory Animal Research of the University of Colorado Denver Health Sciences Center.
MPT measurements. The MPT was determined spectrophotometrically at 540 nm (Supplemental Materials online).
Glutathione, glutathione-dependent enzyme activity and vitamin E levels. Mitochondrial glutathione (GSH) concentrations were determined using a commercial spectrophotometric-based kit (QuantiChrom Glutathione Assay Kit: DIGT-250, Bioassay Systems, Hayward, CA). Glutathione peroxidase (GSH-Px) activity and glutathione reductase (GSSG-R) were determined according to the methods of Lawrence and Burk (15) , and Carlberg and Mannervik (16) , respectively, and expressed as units/mg pro. ␣-TH and ␥-tocopherol (␥-⌻⌯)) was determined in liver homogenate and mitochondrial fractions by HPLC with electrochemical detection (17, 18) .
Measurement of ROS generation. Generation of reactive oxygen species (ROS) was determined by dichlorofluorescin (DCF) fluorescence, as previously described (19) .
SDS-PAGE and immunoblotting. Proteins were subject to SDS-PAGE and immunoblotting as previously described (Supplemental Materials online).
Enrichment of liver mitochondrial ␣-TH in adult rats. Adult rats were treated with s.c. injections of Vital E-300 (20) . Vital E-300 is a veterinary injectable form of d-␣-TH containing 300 IU/mL of d-␣-TH compounded with 20% ethanol, 1% benzyl alcohol in an emulsifiable base. Adult rats were administered a single s.c. injection of Vital E-300 (2.5, 5.0, or 10 mg/100 g body weight) or saline to achieve a range of anticipated ␣-TH levels in hepatic mitochondria. After 48 h, mitochondria were subject to GCDC-induced MPT and ␣-TH determination.
Isolation and analysis of cardiolipin and cholesterol. Total and individual cardiolipin (CL) molecular species were quantified from rat liver mitochondria by electrospray ionization mass spectrometry (21) . The quantities of individual CL species were calculated based upon the relative ratios of peak areas of the specific molecular species to the area of the internal standard and expressed as nmoles of individual fatty acyl side chain CL species (carbon number:number of double bonds)/mg protein, using a standard curve.
Mitochondrial cholesterol was measured fluorimetrically using an Amplex Red assay kit (Invitrogen/Molecular Probes, Eugene, OR).
Enrichment of cardiolipin into young rat liver mitochondria. To enrich mitochondria from livers of young rats, the amount of added CL required to achieve levels in the range of that measured in the adult was calculated. To compensate for the poor permeability of phospholipids into mitochondrial membranes (22) , a 10-fold (11.7 nmol/mL mitochondria) and 100-fold (117 nmol/mL mitochondria) excess was used. The appropriate amount of bovine liver CL, containing approximately 50% tetra-linoleoyl cardiolipin (TL-CL), dissolved in ethanol, or ethanol alone (solvent control), was added to flasks and the solvent removed by evaporation under a N 2 stream. To the dried lipid, 10 mL hepatic mitochondria suspended in MPT buffer (approx. 1 mg pro/mL) was added and the samples were incubated for 30 min at 28°C. After the incubation period, the mitochondria were centrifuged at 10,000g for 10 min and the enriched mitochondrial pellets were resuspended to the original volume and subjected to the MPT assay. Aliquots were also stored at Ϫ70°C for analysis of total and individual CL subspecies.
Statistical analysis. Statistical comparisons among experimental groups were conducted by either an ANOVA or student t test. For analyzing the association between mitochondrial ␣-TH levels and mitochondrial swelling, a least squared regression curve was calculated. A p-value of Ͻ0.05 was considered statistically significant.
RESULTS
Rat liver mitochondria exhibit age-related resistance to GCDC-induced MPT. Mitochondria from young rat livers exposed to 100 M GCDC demonstrated significant resistance to MPT induction compared with adult rats (representative MPT tracing shown in Fig. 1A ). This age-related resistance to GCDC-induced mitochondrial swelling was also concentration-dependent (Fig. 1B) . Resistance to GCDCinduced swelling in young rat mitochondria was also confirmed morphologically by electron microscopy (Fig. 1C ). In addition, mitochondria from young rats maintained their cytochrome c content when exposed to 25-100 M GCDC, whereas adult liver mitochondria released cytochrome c at 100 M GCDC (Fig. 2) . Cyclosporin A (CsA) prevented GCDCinduced swelling in mitochondria and cytochrome c release at all ages (data not shown), indicating that these effects were caused specifically by the MPT.
To investigate the factors causing MPT resistance in young rats, in subsequent experiments we compared mitochondria from 10-day-old rats (representative of the young rats) with those of adult rats.
Mitochondria from young rats are resistant to other MPT inducers. In these experiments, adult mitochondria incubated with 100 M GCDC underwent an MPT that was 4-fold greater than that of the 10-days old (Fig. 3) . Adult mitochondria incubated with the thiol-modifying reagent phenylarsine oxide (PhASO), or the peroxides, t-butyl hydroperoxide (t-BOOH) and hydrogen peroxide (H 2 O 2 ), also underwent significant swelling, which were inhibited by CsA (data not shown). Mitochondria from 10-day-old rats underwent similar swelling with PhASO, as did the mitochondria from adult rats; however, the 10-day-old rat mitochondria responded with Ͻ50% of the adult response to the peroxides. Thus, the resistance of the 10-day-old rat to undergo an MPT was greatest with GCDC, substantial with peroxides, and absent with PhASO.
Mitochondrial redox status and protein expression in adult and young rat liver. ROS generation in the presence of GCDC was similar in liver mitochondria from 10-day-old and adult rats (Fig. 4A) . Despite greater GSH-Px and GSSG-R activities in adult rats (Fig. 4B) , GSH concentrations were similar in young and adult mitochondria, suggesting that GSH-dependent enzymes were capable of reducing excessive peroxide generation. Among the Bcl-2 family proteins examined, levels of Bak and Bcl-2 were similar between adult and young rat mitochondria (Fig. 4C) . In contrast, expression of Bcl-xL was higher in mitochondria from the adult rat, whereas 10-day-old rat mitochondria had greater Bax content. These alterations in Bcl-2 proteins would have the combined effect to increase sensitivity, rather than the observed decrease of sensitivity, to MPT induction and cytochrome c release in the 10-day-old rat. Mitochondrial levels of adenine nucleotide translocase, voltage-dependent anion channel, and cyclophilin D were similar between the 10-day-old and adult rat liver, as were the antioxidant enzymes manganese-superoxide dismutase, thioredoxin (Trx), or thioredoxin reductase (Trx-R) (Fig. 1S , supplementary material online at www.pedresearch.org). Thus, neither differences in Bcl-2 proteins and MPT pore proteins, nor antioxidant defenses explained the MPT resistance of young rat mitochondria.
Relationship between MPT induction and ␣-TH levels. Significantly increased ␣-TH concentrations were present in liver homogenate (Fig. 5A) and hepatic mitochondria (Fig. 5B) from 10-day-old rats was compared with adult rats. Neither ␥-TH nor cholesterol differed between adult and young rat mitochondria (data not shown). Ontogenic differences were also observed in expression of ␣-TH transfer protein (␣-TTP), a primary regulator of liver ␣-TH secretion, with liver homogenates from the 10-days old containing 63% less ␣-TTP compared with the adult (Fig. 5C) .
To determine whether ␣-TH content was responsible for the age-related differences in MPT susceptibility, we administered s.c. ␣-TH to achieve in vivo mitochondrial ␣-TH levels in adult rats in the range observed in the young rat. Administration of a single s.c. injection of Vital-E 300 resulted in approximately 4-, 7-, and 8-fold increases of mitochondrial ␣-TH concentrations (Fig. 5D) , with an inverse correlation observed between MPT induction and mitochondrial ␣-TH concentrations (Fig. 5E) . These results suggest that higher mitochondrial ␣-TH in young rats may be a factor providing resistance to bile acid-induced MPT.
Cardiolipin levels and relationship to bile acid-induced MPT. Total mitochondrial CL concentrations did not significantly differ between adult and 10-day-old rats (Table 1) ; however, there were significant differences in individual molecular species of CL between the adult and 10-day-old rats. Effect of MPT inducers on swelling of liver mitochondria isolated from adult (e) and 10-day-old (f) rats. MPT was induced by incubation with 100 M GCDC, 100 M PhASO, 10 mM H 2 O 2 or 100 ⌴ t-BOOH. CsA (5 M) was preincubated for 5 min before the addition of 100 M GCDC. *p Ͻ 0.01 between adult and 10-day-old art mitochondria using a student t test analysis. Results were from at least five separate experiments.
The predominant CL species in mammalian mitochondria, TL-CL, was Ͼ1.5-fold greater in adult mitochondria compared with the 10-days old, and as a percentage of the total CL pool, TL-CL accounted for 52% and 37% of the CL present in adult and young rat mitochondria, respectively.
To determine whether young rat MPT resistance was related to their CL concentrations, we increased the CL content of young rat hepatic mitochondria. Mitochondria from young rats incubated with 11.7 nmol CL/mL mitochondria did not result in enrichment of either CL or TL-CL (Fig. 6A) , or change in GCDC-induced MPT (Fig. 6B) . In contrast, significant enrichment occurred with 117 nmol CL/mL mitochondria; mitochondria from young rats achieved a 2.9-fold increase in total CL and a 3.9-fold increase in TL-CL concentration resulting in only a modest increase in GCDC-induced mitochondrial swelling (Fig.  6B) . Although a positive correlation was demonstrated between both total CL and TL-CL content in young rat mitochondria (Fig.  6C ), overall these data indicate that elevating CL content in young rat hepatic mitochondria to levels measured in adult mitochondria only slightly increased their susceptibility toward bile acid-induced MPT.
DISCUSSION
The human neonate is particularly susceptible to cholestatic liver injury by mechanisms not well understood. In this study, we used purified mitochondrial fractions to investigate developmental differences in mitochondrial properties and pathways involved in bile acid-induced cell death. We observed that hepatic mitochondria from young rats were resistant to alterations in permeability induced by bile acids that are retained in cholestasis, and that differences in mitochondrial membrane lipid composition between young and adult rats were related to these findings. It is unclear why purified mitochondria from the young rat, which typically exhibits "physiologic cholestasis" at birth (23) , would be resistant to bile acid toxicity. One possible explanation may be, in fact, that this represents a protective response that prevents the normally elevated concentrations of bile acids (related to the immature bile acid secretory pathways that are present in the neonate (24, 25) from initiating hepatocellular apoptosis or necrosis during a period of rapid growth of the developing liver. Comparison between adult and 10-day-old rat liver mitochondria for (A) GCDC-induced ROS generation, (B) GSH levels, GSH-Px and GSSG-R activities, and, (C) expression of Bcl-2 proteins. In panel A, young (solid symbol) and adult (open symbol) rat mitochondria were exposed to 0 M (circle), 50 M (triangle), 100 M GCDC (square), or 100 M GCDC ϩ 5 M CsA (diamond). *p Ͻ 0.05 between adult and 10-day-old rat hepatic mitochondria; **p Ͻ 0.005 between adult and 10-days old hepatic mitochondria using a student t test. Results were from at least four separate experiments. Figure 5 . Liver (A) and mitochondrial (B) ␣-TH were significantly higher in 10-day-old rats (f) compared with adults (e); *p Ͻ 0.05 between adult and 10-day-old hepatic mitochondria. (C) ␣-TTP levels by immunoblot in liver homogenate were significantly increased in adult rats compared with the 10-days old. *p Ͻ 0.05 between adult and 10-day-old rat hepatic mitochondria using a student t test. In vivo ␣-TH administration resulted in elevated mitochondrial ␣-TH (D). *p Ͻ 0.05, **p Ͻ 0.005, ʈ p Ͻ 0.0005 by ANOVA analysis (E) Rats receiving a single s.c. injection of Vital E-300 (saline-F, 2.5-E, 5-OE, or 10 mg/100 g body weight-‚) exhibited an inverse curvilinear relationship between mitochondrial ␣-TH concentrations and mitochondrial swelling (r ϭ Ϫ0.83, p ϭ 0.0007) using a regression analysis. Results were from at least three separate experiments (panels A-C) or at least three animals receiving each SQ dose of ␣-TH.
Hydrophobic bile acids directly promote mitochondrial dysfunction or promote cell death by several interrelated pathways, which are regulated by Bcl-2 family proteins. In the current study, mitochondria from young rats were extremely resistant to bile acid-induced MPT, despite having greater levels of pro-apoptotic Bax and reduced amounts of antiapoptotic Bcl-xL. Thus, the balance of Bcl-2 proteins in young rat liver mitochondria would favor bile acid induction of the Figure 6 . In vitro CL enrichment in mitochondria from young rats resulted in elevated concentrations of total CL (f) and TL-CL (e). (A) Incubation of 117 nmol CL/mL mitochondria increased total CL, (p ϭ 0.0002 for 0 vs 117 nmol CL/mL mitochondria) and TL-CL, (p ϭ 0.0012 for 0 vs 117 nmol CL/mL mitochondria). Incubation of 11.7 nmol CL/mL mitochondria failed to significantly increase total CL or TL-CL in mitochondria. (B) Young rat mitochondria incubated with 117 nmol CL/mL mitochondria showed a small increase in bile acid-induced MPT compared with control treatment (*p Յ 0.05). Significance was determined by ANOVA analysis. (C) Linear regression analysis revealed a positive relationship between GCDC-induced MPT and total CL concentration (r ϭ 0.82, p Ͻ 0.001) and TL-CL concentration (r ϭ 0.79, p Ͻ 0.001) in hepatic mitochondria of 10-day-old rats. Results were from at least four separate preparations for each CL treatment. MPT and cytochrome c release, which was in contrast to the observed MPT resistance in the 10-day-old rat mitochondria ( Figs. 1 and 2) . Although an earlier study reported no Bcl-2 expression in normal rat hepatocytes (26), we demonstrated the presence of the protein in our purified mitochondria, a finding supported by other groups (27, 28) . Since Bcl-2 proteins did not explain our MPT findings, we analyzed other factors that could contribute to MPT induction.
Mitochondria from 10-day-old rats contained amounts of adenine nucleotide translocase, voltage-dependent anion channel, and cyclophilin D, putative components of the MPT megapore, similar to adult rat mitochondria. Thus, the structural capability for pore formation was present in the developing rat and MPT resistance was not explained by expression differences in MPT proteins. Inasmuch as bile acid toxicity is associated with significant mitochondrial ROS generation (29, 30) , it would follow that developmental differences in antioxidant defenses within mitochondria could affect MPT susceptibility. Mitochondria from the 10-day-old rat contained significantly lower GSH-Px and GSSG-R activities, raising the possibility that young rats might not be capable of neutralizing excess hydroperoxides. However, it is unlikely that this reduced activity contributes to their resistance to bile acid-induced MPT, particularly in the presence of adequate GSH concentrations. Furthermore, the young and adult rat mitochondria generated equivalent ROS suggesting that the GSH-dependent enzyme systems functioned similarly in the young and adult rat. Adult rat liver mitochondria contained half of the ␣-TH concentration of young rat liver mitochondria, which corresponded with reduced hepatic expression of ␣-TTP, supporting a previous finding (31) . Since ␣-TTP is responsible for transfer of ␣-TH out of the hepatocyte via VLDL secretion (32) , lower expression of TTP could be responsible for higher levels of ␣-TH in the liver of the young rat, providing increased protection in the developing animal to hepatic-derived oxidative stress. In vivo enrichment of adult rats with s.c. ␣-TH increased resistance to GCDC-induced MPT. This finding supports a possible role of higher mitochondrial ␣-TH concentrations in the protection of the young rat against bile acid toxicity.
Because of its abundance and essential role in mitochondrial function, CL has been investigated in apoptotic cell death (33, 34) . In one previous study, elevated levels of total CL were associated with reduced liver injury and MPT susceptibility in bile duct-ligated rats (35) . Although the current study revealed no difference in total CL between young and adult rat hepatic mitochondria, alterations in the overall profile of individual CL subspecies were observed. In particular, differences in TL-CL concentrations could affect several mitochondrial-dependent processes involved in cell signaling or mitochondrial structure and function. For example, reduced TL-CL in the young rat could alter the ability of CL to bind cytochrome c, a high affinity ligand for CL (36) ; less TL-CL could provide fewer anchor points for hydrophobic and electrostatic binding between CL and cytochrome c. The interaction of CL with cytochrome c also promotes a peroxidative activity, which in turn facilitates the release of pro-apoptotic factors from mitochondria (37, 38) . Finally, a reduction of TL-CL in the young rat may generate less CL hydroperoxides (particularly in the presence of the elevated ␣-TH observed in young rat mitochondria), which have been shown to promote mitochondrial swelling and cytochrome c release from mitochondria (39) . In the current study, enrichment of CL and TL-CL into liver mitochondrial membranes of young rats only slightly increased their susceptibility to bile acid-induced MPT, suggesting that MPT resistance in the young rat was not the result of lower basal TL-CL content. It is also possible that other minor CL subspecies could modulate MPT induction through interactions with mitochondrial pore proteins.
In conclusion, we have demonstrated an unexpected resistance of hepatic mitochondria in the young, developing rat to bile acid-induced MPT and cytochrome c release. This phenomenon may be a novel adaptive response that allows the developing hepatocyte to cope with the increased bile acid levels to which it is exposed physiologically, providing protection against the MPT and release of cytochrome c, which induce hepatocyte death in the adult rat. Membrane compositional differences between adult and developing young rats are related to this MPT resistance. Further elucidation of the factors responsible for this MPT resistance could potentially be exploited as candidate targets for treatment of cholestasis in older patients, considering the important role of mitochondrial perturbations in the pathogenesis of cholestatic liver injury. Whether similar resistance to MPT is developmentally regulated in other organ systems awaits investigation.
